Continuous chromatography can surmount the disadvantages of batch chromatography like low productivities and extensive usage of consumables. In this work, a 4-column continuous chromatographic system based on the principle of periodic counter-current chromatography (PCCC) was developed and tested with a model protein mixture of BSA and lysozyme. The PCCC system was specially designed for membrane adsorbers as an alternative to conventional columns to facilitate the use of disposable process units and to further increase the productivity due to higher convective mass transport in the membrane adsorber. Membrane adsorber Sartobind ® Q was used to continuously purify BSA from the protein mixture. The usage of PCCC led to an increased capacity utilization (here 20%) and higher space-time-yields, and thus to a remarkable productivity increase and cost savings.
Introduction
The biotechnological industry produces biopharmaceuticals for the treatment of a wide variety of diseases like cancer or autoimmune diseases [1] , enzymes for the detergent industry to achieve better cleaning performance [2] , or for the production of fragrances for expensive perfumes [3] . The manufacturing process of a biotechnological product consists of cell cultivation (upstream processing), mostly of genetically modified microorganisms, yeasts, or mammalian cells and purification of the product (downstream processing). To date, the batch process is predominantly used for production, especially since it is easier to handle. Nevertheless, the batch has disadvantages such as the increased effort involved in operating, emptying, and refilling to start a new batch. This leads to long downtimes between batches. Thus, the batch process is not very efficient. Therefore, the trend is moving toward continuous processing as a continuous process is more efficient and achieves higher space-time-yields [1, 4, 5] . When considering the cost distribution for the production of a biotechnological product, it is noticeable that the purification of the product is unequally distributed with up to 80% of the total production costs [6] . Therefore, the interest in continuous processes is increasing, especially in the field of chromatography as the method of choice [7] . Continuous chromatography is intended to remedy limited productivities by increasing the capacity utilization and decreasing the usage of consumables, thus leading to higher space-time-yields [5, [8] [9] [10] . However, the introduction of continuous processes involves hurdles: planning, setup, and handling are much more complex than for batch processes [1, 11] .
The first continuous multi-column chromatography was carried out in the 1920s (merry-go-round installation). The system consisted of three chromatography units, of which two were always loaded
The first continuous multi-column chromatography was carried out in the 1920s (merry-goround installation). The system consisted of three chromatography units, of which two were always loaded and one was regenerated. The two chromatography units were connected in a row so that the product breakthrough of the first chromatography unit was captured on the second chromatography unit. This method allowed an improvement in capacity utilization and continuous sample introduction. In the 1950s, various methods for continuous chromatography were developed, mainly to purify metals or wastewater by liquid-liquid extraction [12] . These (chromatography) methods were based on the counter-current principle: the mobile and stationary phases move in opposite directions. The sample to be separated is applied in the middle of the chromatography unit and the separated substances can be collected at the ends of the chromatography unit. First, true moving bed (TMB) liquid-liquid chromatography was implemented, and finally simulated moving bed (SMB) chromatography was developed [10] . Further examples of continuous methods are continuous annular chromatography [7] and periodic counter-current chromatography [4, 8, 13, 14] . SMB [15] and periodic counter-current chromatography (PCCC) are pseudo-continuous methods, since the counter-current is simulated using the column switching approach. Usually, these continuous methods are operated with chromatographic columns. In this work, the PCCC was run with membrane adsorbers, which will be explained in more detail shortly. In PCCC, up to two chromatography units are loaded in series to capture the product breakthrough of the first chromatography unit on the second chromatography unit. The UV signal of the breakthrough curve serves as the dynamic control strategy for automation (see Figure 1 , operated with membrane adsorbers). This mode of operation allows for the chromatography unit to be loaded close to the static binding capacity (available capacity of the chromatography unit in equilibrium) and thus results in a higher capacity utilization of the chromatography unit [1, 2, 8, 9] . M. Hall and K. Lacki (GE Healthcare Bio-Sciences AB) patented (WO 2008/153472 A1) a semicontinuous chromatography method based on the PCCC principle. The system can be operated with three (3C-PCC) or four (4C-PCC) chromatography units. GE Healthcare offers the commercial system ÄKTA™ pcc 75, which is based on the ÄKTA™ avant system and is operated with Unicorn software. The system can be operated with flow rates up to 75 mL/min and contains a UV measurement after each chromatography unit (at 280 nm) as well as sensors for pH and conductivity measurement.
Some examples of 3C-PCC or 4C-PCC application can be found in the literature, mainly for the purification of monoclonal antibodies [16] [17] [18] [19] . In addition, a few other applications are used such as M. Hall and K. Lacki (GE Healthcare Bio-Sciences AB) patented (WO 2008/153472 A1) a semi-continuous chromatography method based on the PCCC principle. The system can be operated with three (3C-PCC) or four (4C-PCC) chromatography units. GE Healthcare offers the commercial system ÄKTA™ pcc 75, which is based on the ÄKTA™ avant system and is operated with Unicorn software. The system can be operated with flow rates up to 75 mL/min and contains a UV measurement after each chromatography unit (at 280 nm) as well as sensors for pH and conductivity measurement.
Some examples of 3C-PCC or 4C-PCC application can be found in the literature, mainly for the purification of monoclonal antibodies [16] [17] [18] [19] . In addition, a few other applications are used such as desalting, virus purification, plasma protein purification [16] , purification of unstable proteins [8] , lipase [2] , and a sesquiterpene synthase purification [3] .
In addition to the hardware development described above, new chromatography materials and ligands have been developed to overcome the limitation of mass transport in conventional columns by diffusion. Recent developments have made membrane chromatography particularly interesting for the purification of biomolecules [20] . (Disposable) membrane adsorbers (MA) [12] can be used in continuous low-pressure chromatography systems. The ligands are attached to the membrane surface so that the mass transport is mainly due to convection and not to pore diffusion [21] . The capacity of membrane adsorbers is independent of the flow rate [14] and thus enables higher throughputs or the processing of lower product titers up to a few g/L. Nevertheless, the breakthrough capacities of conventional columns and membrane adsorbers are comparable [22] . In addition, the up-and down-scale of membrane adsorbers is simple because the capacity depends only on the membrane surface [23] . A continuous chromatography system, in which MA can be operated as an alternative to classical columns, could further increase productivity of a purification process [24, 25] . This applies particularly to the purification of special pharmaceuticals or highly valuable proteins from complex mixtures such as antibodies, proteins from human serum, growth factors, etc.
In this work, a new PCCC system was developed and tested using MA devices instead of conventional chromatography columns. The MA offers the advantages of being disposable and can be easily exchanged. Furthermore, cleaning and validation costs are eliminated through the use of disposables. The PCCC system setup in this study was designed for four MA units and was equipped with a flexible UV measurement in the range from 230-650 nm. The 4MA-PCCC system can be operated with the interconnected wash, which is very important to avoid product loss [26] , in comparison to the previously developed 3MA-PCCC system. In the course of its development, the PCCC system was redesigned to be compact and portable. In addition, a GUI (graphical user interface) was developed to increase usability. In this work, the continuous purification of a model protein mixture of BSA (bovine serum albumin) and lysozyme was performed to evaluate the continuous chromatography system. BSA (pI = 4.7) and lysozyme (pI = 11.4) were chosen because of their different pI (isolelectric point) values, which makes purification by ion exchange chromatography very easy. Therefore, the anion exchange membrane adsorber Sartobind ® Q was used to bind BSA at pH 7 due to its negative surface net charge.
Materials and Methods

Materials
BSA and lysozyme were purchased from Sigma-Aldrich (now Merck, Darmstadt, Germany) of a technical purity grade. All other chemicals were bought from Carl-Roth (Karlsruhe, Germany).
Methods
Protein Purification
The batch purification was performed using the commercial system ÄKTA™ pure (GE Healthcare, Uppsala, Sweden). In this study, the membrane adsorber (MA) Sartobind ® Q (anion-exchange chromatography) was used to bind BSA. The membrane adsorber has a surface area of 75 cm 2 and a membrane volume of 2.1 mL. The dynamic binding capacity for BSA was 54.2 mg and the static binding capacity was 73.5 mg per unit.
The model proteins BSA and lysozyme were diluted in binding buffer (20 mM KH 2 PO 4 -buffer pH 7.0) to the desired concentration. Elution was performed by adding 0.5 M NaCl. For continuous purification, a chromatographic (PCCC) system with four membrane adsorbers was used. The PCCC system and procedure is further described in Section 3.1.
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Protein Quantification
For protein quantification, Bradford assay was performed using the reagent Roti ® -Quant (Carl-Roth). A 20 µL sample was mixed with 300 µL of the reagent in a 96-well plate. Incubation was performed for 5 min. At 595 nm, detection was carried out with Multiskan GO. BSA and lysozyme standards in the range of 0.0125-0.2 g/L BSA and 0.0125-0.75 g/L lysozyme were measured for calibration.
Qualitative Analysis Using SDS-PAGE
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) was used for qualitative analysis of the purification. The gel consisted of a stacking gel (6%) and a separating gel (15%). The gel was run for 15 min at 100 V and 1.5 h at 150 V. Samples were diluted 1:1 with Lämmli buffer and boiled for 10 min at 95 • C. A sample of 5 µL of the marker (Unstained Protein Molecular Weight Marker, Thermo Fisher Scientific, Waltham, MA, USA) and 10 µL of the sample was applied onto the gel.
Results
In previous work, a PCCC system was developed and tested with three membrane adsorbers (3MA-PCCC) and a simple schedule. This system was further used for the purification of two industrial relevant proteins Candida Antarctica lipase B [2] and patchoulol synthase [3] . In these experiments, product was lost in the washing steps. To recover more product and increase effectivity, the interconnected wash [2, 18, 26] was implemented, meaning that the wash fraction is passed through another MA. Therefore, a fourth chromatography unit with measurement system was added to the PCCC system. After installation and reconstruction, the new 4MA-PCCC device was tested with the model proteins BSA and lysozyme and put into operation for the separation of a simple two-component system. Due to the different isoelectric points of BSA and lysozyme, BSA can be separated specifically by an anion-exchange membrane adsorber (Sartobind ® Q).
System Setup
The 3MA-PCCC system components (pump, valves, UV measurement) were described in Brämer et al., (2018) whereas the 4MA-PCCC fraction collector was changed to a BioFrac™ Fraction Collector and 16 additional 3-2-way valves (The Lee company, Westbrook, CT, USA) were added. Furthermore, a fourth UV measurement unit and UV flowthrough cuvettes with a pathlength of 2 mm (Hellma Analytics, Müllheim, Germany) can also be used in the system. Different pathlengths are useful when maintaining different purification tasks. In this work, 2 mm cuvettes were used. The PCCC system circuit diagram is shown in Figure 2 .
Integration of SiLA2 and Blockly
The PCCC system consists of various components that are addressed in the program scripts using python™. Due to the complexity of the device, the program script is very long. To simplify the operation for the user, Blockly was implemented. Blockly is a graphical tool developed by Google Developers that uses simple graphical tools that create syntactically correct source code. The user can create a method by selecting the required blocks and entering values, for example, pump rates. To guarantee standardized device communication, SiLA 2 was implemented. SiLA 2 is a standard driver protocol and was developed to ensure compatibility of laboratory systems and here, enables the user to access the functionality of the system in a uniform way. 
Continuous Chromatography with Model Proteins
Protein concentrations of the model purification task were chosen according to the calibration data (Appendix A, Figure A1 ) for BSA and lysozyme. A total of 5 g/L BSA and 1.25 g/L lysozyme was used to achieve a double breakthrough curve so that the UV signal could be used to control the process. By continuously applying the protein mixture onto a MA, a double breakthrough can be recorded at the outlet of the MA (see Figure 1 ). The impurity (here lysozyme) breaks through while 
Protein concentrations of the model purification task were chosen according to the calibration data (Appendix A, Figure A1 ) for BSA and lysozyme. A total of 5 g/L BSA and 1.25 g/L lysozyme was used to achieve a double breakthrough curve so that the UV signal could be used to control the process.
Separations 2019, 6, 55 6 of 10 By continuously applying the protein mixture onto a MA, a double breakthrough can be recorded at the outlet of the MA (see Figure 1 ). The impurity (here lysozyme) breaks through while BSA binds to the MA. When the MA is slowly saturated with BSA, BSA (here the product) also breaks through and can be measured at the outlet. The aim is to represent the PCCC process as displayed in Figure 3 .
MA 2 to 4, resulting in the process schedule in Figure 3 [13] . By washing, eluting, and regenerating (displayed in grey) in parallel to the loading (displayed in light blue), the process can begin again at step 1 after step 8 [8] . Steps 1 to 8 show the nested cyclic process of the 4MA-PCCC. By linking two MA units, the loading can be carried out quasi-continuously. Furthermore, by linking the units, loading takes longer and thus more capacity is used without product being lost. In contrast to the 3MA-PCCC system [2] , this 4MA-PCCC system can be used with the interconnected wash. This means that the wash after loading is applied on a further MA to increase the product yield while the feed stream is applied continuously. This can be seen, for example, in step 3 for MA 1. After loading in steps 1 and 2, a wash step is performed in step 3. Unbound product is captured on MA 3 and the loss is consequently reduced. As already described [17] , there are the following degrees of freedom for the operation of the PCCC: the pump rates of the feed and the buffers A and B. Four membrane adsorbers are loaded, washed, and regenerated in eight steps based on the periodic counter-current principle. Thus, quasi-continuous processing is realized by loading the membrane adsorbers in a sequential and cyclic manner.
Time-Controlled Process (Static Control)
At first, a simplified experiment was performed to check if the 4MA-PCCC system setup (especially the complex circuit and program script) fulfills the requirements for PCCC. Therefore, a time-controlled (static control) experiment was performed, which can be seen in Figure 4a . The feed rate was set to 0.5 mL/min as the BSA concentration was quite high with 5 g/L. The pump rates for buffer A and B were set to 8.6 mL/min (maximum pump rate with utilized tubing). The chromatography was run at room temperature. Each step of the continuous process from Figure 3 was maintained for 5 min. During the experiment, 105 mL feed containing 5 g/L BSA and 1.25 g/L lysozyme were purified within 3.5 h and four PCCC-cycles. The chromatogram in Figure 4a shows the absorption at 280 nm of the four sequentially loaded membrane adsorbers. Uniform breakthroughs and elution peaks can be seen, which indicate that the circuit and programming was Four membrane adsorbers are loaded, washed, and regenerated in eight steps based on the periodic counter-current principle. Thus, quasi-continuous processing is realized by loading the membrane adsorbers in a sequential and cyclic manner.
As described in Figure 1 , in step 1, MA 1 is loaded until a certain amount of the product breaks through (here 10%, SC1). The process switches to step 2 and MA 2 is added to the load. The breakthrough from MA 1 is then bound to MA 2. The second step stops when MA 1 is saturated with product [4, 5] (here 70%, SC2). The MA is decoupled from the circuit, the product is eluted, and the MA is regenerated and fed back into the circuit. The procedure described for MA 1 is continued with MA 2 to 4, resulting in the process schedule in Figure 3 [13] . By washing, eluting, and regenerating (displayed in grey) in parallel to the loading (displayed in light blue), the process can begin again at step 1 after step 8 [8] . Steps 1 to 8 show the nested cyclic process of the 4MA-PCCC. By linking two MA units, the loading can be carried out quasi-continuously. Furthermore, by linking the units, loading takes longer and thus more capacity is used without product being lost. In contrast to the 3MA-PCCC system [2] , this 4MA-PCCC system can be used with the interconnected wash. This means that the wash after loading is applied on a further MA to increase the product yield while the feed stream is applied continuously. This can be seen, for example, in step 3 for MA 1. After loading in steps 1 and 2, a wash step is performed in step 3. Unbound product is captured on MA 3 and the loss is consequently reduced. As already described [17] , there are the following degrees of freedom for the operation of the PCCC: the pump rates of the feed and the buffers A and B.
At first, a simplified experiment was performed to check if the 4MA-PCCC system setup (especially the complex circuit and program script) fulfills the requirements for PCCC. Therefore, a time-controlled (static control) experiment was performed, which can be seen in Figure 4a . The feed rate was set to 0.5 mL/min as the BSA concentration was quite high with 5 g/L. The pump rates for buffer A and B were set to 8.6 mL/min (maximum pump rate with utilized tubing). The chromatography was run at room temperature. Each step of the continuous process from Figure 3 was maintained for 5 min.
During the experiment, 105 mL feed containing 5 g/L BSA and 1.25 g/L lysozyme were purified within 3.5 h and four PCCC-cycles. The chromatogram in Figure 4a shows the absorption at 280 nm of the four sequentially loaded membrane adsorbers. Uniform breakthroughs and elution peaks can be seen, which indicate that the circuit and programming was correctly implemented: both the loading of the four MA as well as the implementation of the interconnected wash were successful.
where ∆UV is the difference between the UV-signal of the protein mixture or feed (UVmax) and the UV-signal of lysozyme (here UVlysozyme/impurity).
A total of 80 mL protein solution with 5 g/L BSA and 1.25 g/L lysozyme (feed) was used for the dynamically controlled experiment. This required 1.8 L buffer (equilibration and elution buffer) for the washing, elution, and regeneration phases. Two PCCC cycles were performed in 2.75 h. Product recovery was over 90%.
The two cycles are shown in Figure 4b . The expected double breakthroughs of the four MA can be seen. The elution peaks were above 1.5 AU in the non-linear range. Therefore, no statement can be made about the different heights of the peaks between membrane adsorbers 1, 2, 3, and 4. The capacity utilization under these conditions was increased by about 20% (see Appendix A, Figure A2 ). Compared to the batch process, a cost saving of about 17% with regard to the chromatography unit could be achieved. 
Discussion
This study depicts the successful establishment of a PCCC device operated with four membrane adsorbers, enabling the use of disposable process units. The measurement components were optimized for the intended use so that the UV measurement is very flexible and changeable flowthrough cuvettes (2 mm and 10 mm) can be used, depending on the purification process. The optimized 4MA-PCCC system was successfully tested with BSA and lysozyme as the model purification task, whereas BSA was bound to the MA Sartobind Q ® MA75. This strong anion exchange membrane adsorber was selected as BSA has a negative surface net charge in the selected buffer and thus binds to the membrane adsorber. With the system static, dynamic control is possible and protein concentrations in the absorption range of 0.01-1.5 AU can be measured. 
Dynamic Control with UV-Signal
The 4MA-PCCC system is to be used by running it with the dynamic control using the UV-signal at 280 nm. The UV-signal provides information on how much of the MA's capacity has already been used. The capacity can be used more efficiently by setting the switching conditions SC1 and SC2 [4, 8] . SC1 corresponds to the dynamic binding capacity whereas SC2 corresponds to a nearly saturated MA (Figure 1 ). These were calculated as follows: SC1 = 10% · ∆UV + UV lysozyme/impurity = 0.51 AU (1) SC2 = 70% · ∆UV + UV lysozyme/impurity = 0.84 AU (2) where ∆UV is the difference between the UV-signal of the protein mixture or feed (UV max ) and the UV-signal of lysozyme (here UV lysozyme/impurity ). A total of 80 mL protein solution with 5 g/L BSA and 1.25 g/L lysozyme (feed) was used for the dynamically controlled experiment. This required 1.8 L buffer (equilibration and elution buffer) for the washing, elution, and regeneration phases. Two PCCC cycles were performed in 2.75 h. Product recovery was over 90%.
The two cycles are shown in Figure 4b . The expected double breakthroughs of the four MA can be seen. The elution peaks were above 1.5 AU in the non-linear range. Therefore, no statement can be made about the different heights of the peaks between membrane adsorbers 1, 2, 3, and 4. The capacity utilization under these conditions was increased by about 20% (see Appendix A, Figure A2 ). Compared to the batch process, a cost saving of about 17% with regard to the chromatography unit could be achieved.
Discussion
This study depicts the successful establishment of a PCCC device operated with four membrane adsorbers, enabling the use of disposable process units. The measurement components were optimized for the intended use so that the UV measurement is very flexible and changeable flowthrough cuvettes (2 mm and 10 mm) can be used, depending on the purification process. The optimized 4MA-PCCC system was successfully tested with BSA and lysozyme as the model purification task, whereas BSA was bound to the MA Sartobind Q ® MA75. This strong anion exchange membrane adsorber was selected as BSA has a negative surface net charge in the selected buffer and thus binds to the membrane adsorber. With the system static, dynamic control is possible and protein concentrations in the absorption range of 0.01-1.5 AU can be measured.
The application example with model proteins enabled a higher space-time-yield compared to batch chromatography, which was reached by increased capacity utilization (20%). Furthermore, buffer and time savings were achieved using the PCCC. The feasibility and performance depend on the individual process, respective product, and impurities to separate, and therefore needs to be investigated in detail before applying the continuous system. It is important for the PCCC to have a high product concentration in the feed for the dynamic control via UV-signal. It must be sufficiently high and measurable in relation to the impurities, so that the dynamic process control is possible. Here, a high concentration with 5 g/L BSA was used, whereas only 1.25 g/L lysozyme were added as an impurity. It should be noted that this concentration ratio is further dependent on the extinction coefficient at 280 nm, which differs for every product. Furthermore, the feed to be purified may contain various contaminants. These can be host cell proteins, media components, DNA, etc.; all of these have different absorption behaviors. Specific online measurement methods could be used to detect the product (e.g., fluorescence for either aromatic amino acid-rich proteins or fluorescent proteins). The PCCC is particularly suitable for the purification of secreted proteins from mammalian cells or microorganisms, whereby the ratio of product to impurity is decisive. In particular, the purification of highly valuable products leads to significant process cost savings.
Conclusions
In this study, a model protein mixture of BSA and lysozyme was purified with an advanced 4MA-PCCC. The system had decisive advantages over the previously developed 3MA-PCCC. Due to the extended design, the yield could be increased, particularly because the so-called interconnected wash was implemented. Due to the graphical user interface and the integration of a method editor, the implementation was easy for the user and thus meets the current standards. In particular, the use of SiLA2 is advantageous, because the connection to other devices is possible via this standardized device control. This is crucial with regard to integrated or continuous processes from upstream and downstream processing. 
